All current commercial soybean cultivars are susceptible to charcoal rot, a disease caused by Macrophomina phaseolina. Efforts to manage this disease through nongenetic means have not been effective. However, the combined effects of tillage, cover crop and herbicide use, and their roles in the population dynamics of this fungus have not been fully investigated. A field experiment was conducted in 2002 through 2004 at Stoneville, MS, to determine the population dynamics of Macrophomina phaseolina (Tassi) in soybean stem and root tissues at harvest and in soil at planting and harvest as affected by tillage, cover crop, and herbicide. The tillage treatments were conventional tillage (CT) and no-tillage (NT); the cover crops were hairy vetch, rye, and no cover crop; and the herbicide treatments were glyphosate-and non-glyphosate-based applications. Analysis of variance indicated that there was an effect due to tillage, cover crop, and tillage by year interaction on colony forming units (CFU) of M. phaseolina recovered from soybean tissue. Colony forming units in soybean tissue were greater under the CT than NT and were greater for hairy vetch and no cover crop than rye. Regardless of the cover crop system used, CFU in tissue was greater for CT in 2002 than in 2003 and 2004. Application of glyphosate did not affect the CFU in stem and root tissues or in the soil. The CFU from soil at harvest was significantly higher than at planting. The CFU in soil at planting and harvest was only affected by tillage and not by cover crop system. The CFU from stem and root tissues was greater than in soil suggesting that quantification of CFU in tissue may provide a better estimate of treatment effects at harvest. These results also suggest that charcoal rot may be better managed in the NT rather than in the CT system.
Introduction
Charcoal rot of soybean [Glycine max (L.) Merr.] caused by Macrophomina phaseolina (Tassi) Goid, is a disease of economic significance (26) . Charcoal rot has been reported in the north-central states (2, 10, 33) and throughout southern regions of the United States as well as in tropical and subtropical regions of the world (33) . When severe, this disease reduces yield and seed quality (26) . M. phaseolina is known to cause disease in at least 500 plant species including economic hosts such as corn, sorghum, cotton, and tobacco (33) . Estimated soybean yield losses to charcoal rot for the 16 states in the southern United States have varied from year to year. However, the losses have averaged 4.7 × 105 metric tons from 1999-2002 (31) , making charcoal rot the most damaging disease in this region.
Severity of charcoal rot on soybean increases as ambient and soil temperatures increase (28 to 35°C) and as soil moisture becomes limiting (26, 32) . A strong correlation has been observed between occurrence of drought and severity of damage to soybean due to M. phaseolina (13, 16) . Above ground symptoms of charcoal rot in soybean generally appear after flowering (25, 32) , particularly at R5, R6, and R7 growth stages (11) . Diseased plants may wilt and prematurely die with senesced leaves remaining attached to petioles. A good correlation has been established between stem and root disease severity rating and CFU (15) .
Efforts to manage charcoal rot through adjusting planting dates (27) , crop rotation (12, 17) , legume cover crop (22) cultivar blends and planting densities (3), organic soil amendments (14) , selection of soybean genotypes under greenhouse conditions (4) , and irrigation (32) have been evaluated. These methods, however, were not very effective. Other management methods, including fungicide applications to seed and soil as well as biological control using hyperparasitism (14, 24) , were also not effective. Host resistance may be the only feasible method to manage this disease (4, 26, 32) but host resistance is not currently available, and other management options are needed.
Soybeans are produced in the southern United States using minimum tillage and cover crops to reduce soil erosion, water runoff, and improve soil properties. Most growers use glyphosate herbicides. The long growing season in the lower Mississippi delta region permits the use of winter cover crops in row crop production (18, 20) . Both rye and hairy vetch have been shown to enhance certain soil microbial populations in a soybean production system (29, 34) . Rye is often used as a cover crop because of its winter hardiness, abundant biomass production, and allelopathic nature that suppresses weeds by both physical and chemical interference (1, 8) . Natural winter vegetation provides soil cover in certain fields, but it may not provide sufficient mulch for longer periods like cover crop residues (18, 19) . Studies on the effect of tillage on soybean diseases are important because a significant amount of soybean production occurs under reduced or no-till system (7) . Although some studies have examined the effects of cover crops and tillage on M. phaseolina populations in soil (21, 30) , there is limited information on the impact of soybean production under cover crop, notill and glyphosate based systems on charcoal rot. The objective of this study was to determine the effects of tillage, cover crops, and herbicides on the population dynamics of M. phaseolina in stem and root tissue as well as in soil at planting and at harvest.
Studying Affects on M. phaseolina Population
A field experiment was conducted in Stoneville, MS (33°26'N, 90°55'W) from 2002 to 2004 on a Dundee silt loam soil (fine-silty, mixed, active, thermic Typic Endoaqualf) with 26% sand, 56% silt, and 18% clay. This was part of an agronomic study that has been previously published (19) . Cover crop treatments consisted of rye, hairy vetch, or no-cover crop. Rye and hairy vetch were drilled in 19-cm-wide rows using a no-till grain drill in mid-October each year. Plants in the entire experimental area were killed with paraquat at 1.1 kg ai/ha in midApril each year. The two tillage treatments were no tillage (NT) and conventional tillage (CT). The NT plots received no tillage operations after the fall of 1997. After cover crop desiccation, the CT plots were tilled with a disk harrow and a field cultivator to thoroughly incorporate the plant residue before soybean planting. In NT plots, the desiccated cover crops were left undisturbed. The CT and NT plots were not tilled between harvest and planting of cover crops in the fall. Plant biomass in the no cover crop treatment was from volunteer winter annuals. The glyphosate resistant soybean cultivar 'AG 4702RR' was planted on 2 May 2002, 30 April 2003, and 3 May 2004. The two herbicide treatments were glyphosate-and non-glyphosate conventional herbicides applied post-emergence. In glyphosate-based treatment, two applications of glyphosate at 0.84 kg ai/ha were applied. In non-glyphosate-based treatment, acifluorfen at 0.28 kg ai/ha plus bentazon at 0.56 kg ai/ha, chlorimuron at 5 g ai/ha and clethodim at 0.14 kg ai/ha or fluazifop-P at 0.28 kg ai/ha were used. Postemergence herbicides were applied between 3 to 7 weeks after soybean planting. Herbicide treatments were applied with a tractor-mounted sprayer with 8004 standard flat spray tips delivering 187 liter/ha water at 179 kPa. No preemergence herbicides were used in the study. The experimental plots were not irrigated. The experiment was conducted in a split-split plot arrangement of treatments in a randomized complete block design with tillage (CT and NT) as the main plot, cover crops (rye, hairy vetch, no-cover crop) as the subplot, and herbicide programs (glyphosate and conventional herbicide) as the sub-subplot with four replications. Each sub-subplot consisted of 4 rows spaced 102 cm apart and was 24.3 m long. The same treatment was assigned to the same plot every year. Since the experiment was conducted on the same site for 3 years, years were treated as repeated measurements and included in the analysis as another split.
Determination of population density and statistical analysis. In a previous study (15) , the correlation between disease severity and CFU was significant, and it was suggested that CFU in soybean tissue could be used as a measure of disease severity when precise measurement of treatment effects is needed. Ten plants per plot were randomly selected at the R7 growth stage (23) and the lower stem and root was separated from the stem at the cotyledonary node. The root and stem tissue samples from each plot were thoroughly washed and rinsed in water to remove soil, air dried, and stored at 25°C. The stem and root tissues were ground with a Wiley Mill Model 4 (Philadelphia, PA) and passed through a 1-mm mesh screen. The mill was thoroughly cleaned between samples with a suction device. For each sample, 5 mg ground tissue was mixed in a waring blender with 100 ml of 0.525% NaOCL and for 3 min, the filtrate was collected over a 45-µm pore size sieve, and the ground tissue was rinsed with sterile distilled water.
To determine soil population (15, 25) at planting and at harvest, ten core soil samples were collected from the upper 0 to 5 cm depth of soil. The soil was thoroughly mixed, and a 5-g subsample was removed, ground with mortar and pestle, and passed through a 600-µm sieve. A 1-g subsample was homogenized in a waring blender with 100 ml of 0.525% NaOCL for 1 min, and the filtrate was collected on a 45-µm pore size sieve and rinsed with sterile water. The triturates recovered from stem and root tissue and soil samples were separately added to 100 ml of potato dextrose agar (PDA) that had been autoclaved, cooled to 60°C, and amended with rifampicin (100 mg/liter) and tergitol (0.1 ml) (24, 25) . Each sample was distributed evenly into five Petri dishes. After 3 days of incubation at 30°C, the CFU of M. phaseolina were counted and the number expressed as CFU per gram of tissue or dry soil. Identification of M. phaseolina colonies was based on characteristically gray to black colonies with sclerotia (23, 26) .
Analysis of variance was performed on CFU recovered from tissue and soil at planting and harvest for all treatments. PROC MIX and Fisher's least significant differences were used for mean separation using SAS (SAS Institute Inc., Cary, NC). Soil data was log 10 transformed since there were zero values in the CFU data and the data was back transformed after analysis.
Tillage and Cover Crop Effects on CFU from Lower Stems and Roots
The CFU for CT was significantly greater than for the NT when averaged across years and cover crops (Fig. 1A) . The CFU for the CT was about twice that of the NT. When the three cover crop systems were averaged across tillage and years, rye had significantly fewer CFU, while hairy vetch or no cover crop had the highest CFU of M. phaseolina (Fig. 1B) . When the CFU value for each cover crop and year is assessed (Fig. 2) , the CFU under the CT was 3915, 4185, and 3450, under no cover crop, while it was 3390, 3300, and 2800 under rye, and Analysis of the test of fixed effects for CFU of M. phaseolina from lower stems and root tissues indicated that there were significant effects due to tillage, cover crop, and tillage by year interaction ( Table 1 ). The main effects across all variables indicated that CFU was significantly higher for CT (3916) than for the NT (1900). Across all factors, CFU under hairy vetch (3618) was significantly higher than the CFU under rye (2216) or no cover (2546). Rye had 39% less CFU than hairy vetch and 13% less than no cover crop. There was no effect of continuous herbicide regime each year on CFU with glyphosate and conventional herbicide management. Residual 5510560
x Til = tillage, CC = cover crop, Herb = herbicide. y Random and variance components indicate plot to plot variability within a year and whole plot is the only real source of error (residual).
As treatments were applied to the same plots each year, it would seem appropriate that the results at the end of the final year (2004) (19) indicated that inorganic nitrate levels in hairy vetch plots have been found to be two-to three-fold higher compared to no cover crop, or rye cover crop. It may be possible that such an increase in inorganic nitrate may have led to an increase in microorganisms that are antagonistic to M. phaseolina as a result of a continuous hairy vetch cover crop and its incorporation every year into the soil. This reduction in CFU corroborates with other findings that disease severity of black root rot caused by Thielaviopsis basicola (6, 9, 22) and Fusarium wilt of watermelon (35) was suppressed by hairy vetch. In these reports, suppression was attributed to a release of ammonia that was inhibitory to propagule development of these organisms during the degradation of the hairy vetch residues. It is important to note here that a similar reduction did not occur under NT when hairy vetch was used as a cover crop each year.
Data gathered on climatic conditions at the research station (28) (Table 2) indicated that there was a 3% and a 4% increase in air and soil temperatures, respectively, in 2002 compared to the 30 year average. There was also a reduction of 21% and 71% in precipitation during June through August for 2002 compared to the 30-year average. Higher average air and soil temperatures and decreased precipitation during the critical months of June, July, and August in 2002 (Table 2 ) which would have put more stress on the plants and may have contributed to conditions that significantly raised the level of CFU in 2002. It is important to also note that during these stress periods, the CFU under the CT exceeded that of the NT. Infections due to M. phaseolina remain latent until environmental stresses coincide with growth stages R1 to R7. During these stress periods, the CFU in root and lower stem tissues increase as the soybean plant matures (26). 
Tillage and Cover Crop Effects on CFU from Soil
Analysis of variance on transformed CFU data from soil indicated that there were significant effects due to tillage, sampling, and the interactions of tillage by sampling, tillage by year, sampling by year, tillage by sampling by year, and tillage by cover crop by sample by year (Table 3 ). There was no year, cover crop, or herbicide effect. Across all factors, the main effect of tillage was significant with CFU means of 37/g and 47/g at planting and harvest respectively. Soil sampled at planting had significantly lower CFU (18 CFU/g soil) than soil sampled during harvest (66 CFU/g soil). Even though there was no effect due to year, the CFU in 2002 in CT at harvest exceeded that of NT as well as the CFU for CT in 2003 and 2004 (Fig. 3) .
There is the only year, when major differences occurred between treatments after which their effects were not significant within sampling time and between the effects of cover crops. The CFU value from samples at harvest was ten to thirty fold less than the CFU from stem and root tissues (Fig. 2 and Fig. 3 ). x Til = tillage, CC = cover crop, Herb = herbicide. y Random and variance components indicate that plots from the main effects of NT and CT show a larger error than sub plots within each whole plot and the overall block has an effect in reducing error. 
Discussion
This study demonstrated that the NT system had fewer CFU of M. phaseolina in root and stem tissues than the CT system indicating that NT may provide a less conducive environment to support the M. phaseolina population. This result is contrary to the findings of Wrather et al. (30) in which tillage did not affect M. phaseolina population density. Their data was based on soil samples taken only at planting and did not include population density from plant tissue and from soil during harvest. Our data is in agreement with their findings when a soil population was determined solely using soil samples taken at planting.
The CFU reduction due to NT may be due to a cooler soil temperature effect under the NT cropping system because of a high volume of crop residue on the soil surface. Such high volume of residue also increases soil moisture retention in NT compared to CT.
Based on the CFU from stem and root tissue, hairy vetch as a cover crop significantly increased M. phaseolina under CT and NT suggesting that hairy vetch is a very susceptible host and increased the level of CFU of M. phaseolina, particularly in drier years. In contrast, CFU from soybean root and stem tissues was lower for rye than hairy vetch or no cover crop, and may be useful as a charcoal rot management tool. Rye produces a composite of allelopathic compounds (1) . These allelopathic compounds may directly restrict the increase in inoculum load of M. phaseolina that may have resulted in low CFU count.
The lower CFU value in soil at planting than harvest was expected since additional microsclerotia of M. phaseolina may have been added to soil from crop residues at harvest. However, the data suggest that the inoculum at harvest did not influence the subsequent inoculum at planting. The data also suggests that soil CFUs are generally less sensitive to detect treatment differences compared to CFU from stem and root tissues that produced higher CFU values for the same treatment.
Neither the conventional nor the glyphosate herbicides affected CFU of M. phaseolina under the two tillage and three cover crop systems in this study. This is in agreement with the findings of Wyille (32) and Canaday (5) that glyphosate and conventional herbicides had no effect on M. phaseolina other than minor effects associated with root injury. The data showed that inoculum levels of M. phaseolina may be reduced more under the NT than the CT system. Quantification of propagule density of M. phaseolina also may be better estimated using lower stem and root soybean tissues than soils to detect treatment differences. The data suggested that the practice of leaving soybean fields fallow for three years or less did not eliminate or reduce the level of CFU of M. phaseolina.
